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A B S T R A C T   
Herbivory is a fundamental process regulating the functioning of the ecosystems both in land and marine sys-
tems. Few decades ago, herbivory was thought to play only a minor role in seagrass dominated areas, while 
currently its importance has risen. However, the complex interrelationships between seagrasses and their con-
sumers are not yet fully understood. For instance, seagrasses can tune up morphological, biomechanical, 
nutritional, and chemical traits in order to reduce the palatability of their leaves and therefore curtail tissue 
losses, but the final tradeoff of such changes may depend on herbivore guilds. This work focuses on the relative 
importance of nutritional versus chemical traits in the feeding behavior of the sea urchin Paracentrotus lividus, a 
temperate generalist mesograzer, over two sympatric seagrass species (Cymodocea nodosa and Zostera noltei). To 
do that, a set of no-choice and multiple-choice feeding assays were conducted using freeze-dried plants agar- 
based diets (i.e. whole nutritional properties), polar extracts of both species (i.e. soluble sugars and phenolic 
natural products), purified phenolic natural products, and also three different concentrations of soluble sugars. 
Later, a chemical identification and quantification of the phenolic natural products present in the extracts were 
performed to assess their ecological role as deterrents. Results clearly indicated that the feeding behavior of this 
generalist herbivore, once overlooked the structural, morphological and biomechanical traits, is mainly deter-
mined by nutritional properties, while the presence of phenolic compounds has only a minimal effect on its 
feeding behavior. In addition, although this study showed that sugars had a positive effect over P. lividus con-
sumption rates, we demonstrated for the first time the deterrent properties of rosmarinic acid and the sulphated 
flavonoids produced by Z. noltei, which were able to reduce the attractive effect of sugars in the feeding pref-
erence of this generalist herbivore.   
1. Introduction 
Plant–herbivore interactions are fundamental to regulate ecosystem 
functioning, population dynamics, and community organization (Mar-
one and Croone, 2006). Herbivores are involved in the transference of 
matter and energy from primary producers to higher trophic levels, 
affecting both the physical structure of the community and ecosystem, as 
well as the productivity of the habitat (Poore et al., 2012; Chapin et al., 
2011). 
Within coastal vegetated habitats, seagrasses are the basis of one of 
the most species-rich and relevant ecosystems (Short et al., 2011). 
Seagrasses are rooted, flowering plants adapted to marine environ-
ments, that grow both at inter and subtidal soft sediment areas along the 
coasts of most continents (Short et al., 2007). Differing from the 
well-studied plant-herbivore interactions in terrestrial plants and sea-
weeds (Duffy and Hay, 1990; Coley and Barone, 1996; Paul et al., 2001; 
Toth and Pavia, 2007; Johnson, 2011; Fürstenberg-Hägg et al., 2013; 
Gong and Zhang, 2014), data about seagrass-consumer interactions are 
much scarce. In this regard, herbivory was firstly proposed to have only 
minimal impact on these marine plants due to the alleged unpalatability 
of their tissues (Thayer et al., 1984), and the decrease in the populations 
of major seagrass consumers such as waterfowl, sirenians, fishes and sea 
turtles (Jackson et al., 2001; Valentine and Duffy, 2006). However, later 
studies showed that herbivory had been greatly underestimated and that 
direct grazing on seagrasses, although context dependent, may be sub-
stantial (Valentine and Duffy, 2006). 
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It is generally accepted that all plants, both terrestrial and aquatic, 
have developed diverse strategies to modify their palatability and thus 
reduce their vulnerability to herbivore attacks (Agrawal and Fishein, 
2006; Agrawal, 2011; Carmona et al., 2011). In particular, structural, 
nutritional, and chemical traits are known to play a crucial role in the 
palatability of seagrasses and, therefore, in their consumption (Valen-
tine and Heck, 2001; Heck and Valentine, 2006; Vergés et al., 2007a, 
2018; De los Santos et al., 2012; Martínez-Crego et al., 2016), although 
the relative importance of these traits varies depending on the herbivore 
guilds and latitude (Lefebvre et al., 2000; Moran and Bjorndal, 2007; 
Vergés et al., 2007a, 2011, 2018; Prado and Heck, 2011). Structural 
defenses in seagrasses encompass characteristics such as changes in 
blade morphology (i.e. width or thickness) or toughness (i.e. fibers, 
lignin, etc), with many herbivores discriminating among seagrasses 
based on such traits (Vergés et al., 2007b; Prado and Heck, 2011). 
However, for some generalist herbivores, including sea urchins, fishes, 
mammals or birds, the structural traits may be not so relevant and 
feeding decision relays on nutritional traits and chemical defenses 
presence (Buchsbaum and Valiela, 1987; Paul et al., 1990; Meyer et al., 
1994; Preen, 1995; Heck and Valentine, 2006; Prado and Heck, 2011; 
Vergés et al., 2007a, 2011; Tomas et al., 2011; Steele and Valentine, 
2012; Sieg and Kubanek, 2013). The relative importance of nutritional 
versus chemical traits in seagrasses uses to be examined by feeding 
choice assays, where different food sources are offered to herbivores (e. 
g. seagrass species), either fresh or as freeze-dried material included in 
an agar matrix (Paul et al., 1990; Goecker et al., 2005; Prado and Heck, 
2011; Tomas et al., 2011; Vergés et al., 2011; Steele and Valentine, 
2012; Jiménez-Ramos et al., 2018b). Afterwards, the feeding choice of 
the herbivores is related ad hoc with some of the nutritional traits 
measured (e.g. nitrogen, carbon, protein, carbohydrate, lipid, caloric 
and/or organic matter contents) and/or with the total content of 
chemical compounds. The relative contribution of nutritional and 
chemical traits using such approach cannot be certainly isolated, since 
plants bear a specific combination of both traits that usually co-varies 
(Buchsbaum et al., 1990; Goecker et al., 2005; Tomas et al., 2011; 
Vergés et al., 2018). A way to unravel such inconvenience has been to 
include in the feeding assays the crude extracts obtained from seagrass 
leaves, mainly by using polar extraction solvents such as methanol, and 
mixtures of water with methanol or ethanol (Harrison, 1982; Meyer 
et al., 1994; Vergés et al., 2007a, b) and, in some instances, using less 
polar mixtures of organic solvents (Paul et al., 1990; Vergés et al., 
2007a). Overall, these seagrass extracts are assumed to be devoid of 
most of the nutritional constituents (nitrogen rich compounds, proteins, 
carbohydrates, etc) and contain the chemical compounds known as 
secondary metabolites. In the assays, the chemical compounds recov-
ered in the crude extracts are frequently described as phenolic com-
pounds (e.g. Vergés et al., 2007a; b, 2018), and the bulk concentration is 
considered as a direct measurement of the deterrent activity (see reviews 
by Sieg and Kubanek, 2013; Zidorn, 2016). However, this procedure has 
several confounding weakness that need to be examined in order to 
make a proper interpretation of the results. Extractions using mixtures of 
water-acetone or water-ethanol or even pure methanol and ethanol are 
commonly used to recover polar compounds with biological functions, 
including phenolic acids, flavonoids, or even some tannins (Stalikas, 
2007; Dai and Mumper, 2010). However, also a fraction of the soluble 
sugars (mono- and disaccharides) may be captured in these polar ex-
tracts, while pigments (chlorophylls and carotenoids), waxes, sterols, 
and many lipids can be retained in the non-polar extracts (Stalikas, 
2007). Therefore, when using such polar crude extracts in the feeding 
assays, at least some sugars may be present in the diets. Since these 
non-structural carbohydrates can be also an important nutritional trait 
(Buchsbaum and Valiela, 1987; Prado and Heck, 2011) that could 
induce an active feeding behavior in the herbivores, overlooking its 
presence in the extracts-based diets may introduce an unexpected con-
founding factor in the interpretation of the results (i.e. the effects caused 
by the chemical defenses). Moreover, most studies often rely on the 
measurement of total phenolic concentrations to assess chemical de-
fenses in seagrasses, with the deterrent function being only investigated 
at the level of compound classes (e.g. phenolic compounds, flavonoids, 
tannins) (Goecker et al., 2005; Vergés et al., 2007b, 2018, 2018; Tomas 
et al., 2011) and not at the level of chemically defined metabolites. 
However, minor differences in the molecular structure of phenolic 
compounds can lead to dramatic changes in their ecological function 
(Appel, 1993; Salminen and Karonen, 2011; Sieg and Kubanek, 2013; 
Zidorn, 2016), and therefore the total phenolic concentration may 
overestimate how well defended is a seagrass, since most of the phenolic 
metabolites of the plant do not play a role in the defense against her-
bivores (Sieg and Kubanek, 2013; Zidorn, 2016; Papazian et al., 2019). 
Thus, as suggested by Sieg and Kubanek (2013) in their recent review, 
the identification of individual compounds and subsequent determina-
tion of their ecological role will allow researchers to accurately measure 
plant investment in chemical defenses against a variety of herbivores, 
pathogens, and other threats. 
In multispecific populations where some species share structural, 
morphological, and biomechanical traits (Mariani and Alcoverro, 1999; 
Hemminga and Duarte, 2000; Ballorain et al., 2010; Kelkar et al., 2013; 
Hernández and Tussenbroek, 2014; De los Santos et al., 2016), or even in 
monospecific populations where spatial explicit differences in biotic and 
abiotic factors can be found (Brun et al., 2003a; Prado et al., 2010; De los 
Santos et al., 2013; Gera et al., 2013), the active feeding decision of 
herbivores, as aforementioned, may be determined by the combination 
of nutritional traits, phenolic compounds presence, and sugars content 
in seagrass tissues. All these factors are known to vary seasonally (Pirc, 
1989; Pérez and Romero, 1994; Brun et al., 2003a; Steele and Valentine, 
2012; De los Santos et al., 2013; Enerstvedt et al., 2017; Manck et al., 
2017), and also in response to anthropogenic stressors like nutrient 
enrichment (Brun et al., 2002; La Nafie et al., 2012; Martínez-Crego 
et al., 2016; Jiménez-Ramos et al., 2017), light reduction (Brun et al., 
2003b; La Nafie et al., 2013; Silva et al., 2013), temperature increase 
(Vergeer et al., 1995; Jiménez-Ramos et al., 2017; Egea et al., 2018), 
acidification (Martínez-Crego et al., 2014; Jiménez-Ramos et al., 2017; 
De los Santos et al., 2019; Arnold et al., 2012) or salinity change 
(McKone and Tanner, 2009; Villazán et al., 2015; Jakobsson-Thor et al., 
2018) among others. Therefore, the feeding preference in nature over 
seagrass communities may be altered at both large and small scales 
depending on the extent at which the stressor is acting and altering not 
only structural, morphological, and biomechanical traits, but also 
nutritional properties, sugar and natural product concentrations. 
This study aims to explore the relative importance of nutritional and 
chemical traits in the feeding behavior of a generalist herbivore on 
seagrasses. For this purpose, we used as model the sea urchin Para-
centrotus lividus, and the two template sympatric seagrass species Cym-
odocea nodosa and Zostera noltei, which are known to be a food resource 
for herbivores and play an important role in the food web (Cebrián et al., 
1996; Fernández et al., 2012; Martínez-Crego et al., 2016). In addition, 
the importance of sugars content in the feeding decision of this gener-
alist herbivore was experimentally tested for the first time, and deterrent 
properties of phenolic compounds in both species were investigated at 
the chemical compound level. To do that, a set of no-choice and 
multiple-choice feeding assays were conducted using freeze-dried plants 
agar-based diets and polar extracts of both species. Moreover, the 
presence of soluble sugars in both extracts was analyzed, and their ef-
fects on the feeding behavior of P. lividus experimentally tested. A pos-
terior chemical identification and quantification of the phenolic 
compounds present in the extracts is performed, including the analysis 
of their potential ecological role as deterrents. 
2. Materials & methods 
2.1. Collection of sea urchins 
Sea urchins (Paracentrotus lividus) were collected from a nearby 
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rocky shore, La Caleta, in Cádiz (SW Spain, 36◦31′39′′N; 6◦18′46′′W), 
where a stable population of P. lividus inhabits. Once permission was 
granted by local environmental authorities, 115 individuals were 
collected at a depth of 2 m. Harvesting was carefully carried out by 
snorkeling, avoiding damage to the organisms. Sizes varied between 3 
and 5 cm in diameter (adult size). Collected organisms were kept in 
cooled containers with seawater and transported to the laboratory, 
where they were placed in aerated tanks at a temperature of 18 ◦C. Sea 
urchins were fed with Ulva sp. for 4 days until the beginning of the 
experiment to allow their acclimation to laboratory conditions. During 
this time, the photoperiod was set at 8:16h (light:darkness) because 
P. lividus usually exhibits nocturnal activity (Boudouresque and Verla-
que, 2001). 
2.2. Collection of plant material 
Cymodocea nodosa (Ascherson) and Zostera noltei (Hornemann) 
plants were collected at the inner area of the Bay of Cadiz (SW Spain; 
36◦28′10.41′′N, 6◦14′57.60′′O) on April. Both seagrasses inhabit the 
shallow area, at 0.4 and − 0.5m above and below the chart datum 
(lowest astronomical tide) (Vergara et al., 2012). In order to obtain a 
representative sample of these plants in the natural environment, more 
than 200 intact vertical shoots from each species were randomly 
collected from an area of approximately 20 ha, trying to leave a mini-
mum gap of 10 m between collected shoots. Therefore, our sampled 
shoots include the environmental heterogeneity in the area (i.e. depth, 
sediment properties, hydrodynamic forces, etc). Shoots were trans-
ported to the laboratory at the University of Cadiz, within the next 2h 
after collection in an ice chest. Upon arrival, leaves of each seagrass 
species were carefully cleaned with seawater and epiphytes were 
removed with soft laboratory paper to avoid damaging leaf surfaces. 
Leaves were subsequently separated from the rhizomes, pooled and 
finally separated in three replicates. Then, each replicate of fresh leaves 
from each species was divided into two portions, one (30 g) for 
freeze-drying and another (110 g) for chemical analyses. 
2.3. Preparation of extracts from the leaves of Cymodocea nodosa and 
Zostera noltei for the feeding assays 
Each replicate of fresh leaves (75 g fresh weight) was extracted with 
methanol (MeOH, 400 mL) under maceration with shaking and soni-
cation for 5 min. The solution was filtered over paper and the residual 
plant material was subjected to two more extraction cycles following the 
same procedure. The resulting methanolic solution was evaporated 
under reduced pressure in a rotary evaporator to obtain an oily dark 
green extract. Subsequently, this extract was suspended in water (125 
mL) and successively extracted with diethyl ether (Et2O, 100 mL x 3 
cycles), and then with n-butanol (BuOH, 50 mL x 3 cycles). The diethyl 
ether phases, which contained non-polar compounds, lipids, and pig-
ments, were discarded. The n-butanol phases, which contained phenolic 
compounds and a fraction of the sugars of the plant, were combined and 
the solvent was evaporated under reduced pressure in a rotary evapo-
rator to yield a yellowish solid extract. Each extract was analyzed by 
proton nuclear magnetic resonance (1H-NMR, Agilent 500 spectrom-
eter) using CD3OD as solvent (chemical shifts in ppm, referenced using 
the solvent signal at δH 3.30). 
2.4. Isolation of phenolic natural products for the feeding assays 
The analysis of the extracts of both seagrass species by NMR indi-
cated that only the extract of Z. noltei contained enough amounts of 
phenolic compounds to be isolated and tested in the feeding assays. 
Therefore, only the extract of Z. noltei was separated to obtain phenolic 
natural products by subjecting a portion of the extract (670 mg) to 
sephadex LH-20 column chromatography (29.0 × 2.5 cm), using 
methanol as eluent. The aliquots obtained were analyzed by thin-layer 
chromatography and 1H-NMR. Those containing phenolic compounds 
were combined and the solvent evaporated in a rotary evaporator. The 
compounds obtained were used to prepare diets for the feeding assays. 
In order to determine the amount of phenolic compounds required to 
be included in the diets, the natural concentration of these metabolites 
in fresh leaves of. Z. noltei was determined by quantitative analysis of the 
extracts by using ultra performance liquid chromatography-mass spec-
trometry (UPLC-MS). Fresh leaves of Z. noltei (ca. 3.0 g, three replicates) 
were extracted with methanol (30 mL x 3) and sonication (5 min). The 
solutions were filtered over paper, combined, and subsequently evapo-
rated in a rotary evaporator to yield an extract that before analysis was 
cleaned on SPE-RP18 cartridges using methanol/water (9:1, v/v) as 
eluent. The solution obtained was evaporated in a rotary evaporator and 
dissolved in water at 50 μg/mL for injection in the UPLC-MS. Analyses 
were performed on an ACQUITY Ultra Performance LC system coupled 
to a Synapt G2 Q-TOF mass spectrometer equipped with an electrospray 
ionization (ESI) source using the chromatographic and mass spectrom-
etry conditions previously described in Manck et al. (2017). The single 
components were characterized by the retention time and the accurate 
molecular masses (Manck et al., 2017). For the quantification two 
calibration curves were constructed, one with commercial rosmarinic 
acid and another with pure apigenin-7-sulfate isolated from the extract 
(for the quantification of flavonoids). 
2.5. Quantitative analysis of sucrose in the butanolic extracts 
The content of sucrose in the butanolic extracts of C. nodosa and 
Z. noltei was determined by quantitative 1H-NMR, using 1,3,5-trime-
thoxybenzene (Sigma-Aldrich TraceCERT) as internal standard (IS) 
and CD3OD as solvent. The anomeric proton signal of sucrose (δН 5.38, 
1H) and the aromatic protons signal of the IS (δН 6.07, 3H) were used for 
quantification. 
2.6. Experimental set-up for feeding assays 
2.6.1. Diets based on leaves, extracts, and phenolic natural products 
Feeding assays were performed using agar-based artificial diets to 
examine whether the feeding pattern of a generalist herbivore (i.e. sea 
urchin) is driven by nutritional or chemical differences in plant tissues. 
Two diets were prepared with the freeze-dried leaves of C. nodosa and 
Z. noltei (LC and LZ, respectively), which retained all the nutritional 
traits, sugars, and phenolic natural products from each plant. Another 
two diets were prepared with the butanolic extracts of C. nodosa and 
Z. noltei (BEC and BEZ, respectively). These diets mainly contained 
sugars and phenolic natural products from each plant. Finally, a diet was 
prepared with the pure phenolic natural products isolated from the 
extract of Z. noltei leaves (diet PNP), since no phenolic compounds could 
be isolated from the extract of C. nodosa leaves (see subheading 2.4 and 
Results section). Following the method indicated by Goecker et al. 
(2005) the two first agar-based diets (LC and LZ) were prepared using 
1.4 g of freeze-dried leaves (resulting of freeze-drying 6 g of fresh sea-
grass leaves), which were ground to a fine powder and then embedded in 
agar by combining with a solution of 135 mg of agar in 6.7 mL of 
distilled water at 80 ◦C. The mixture was poured into small moulds, and 
allowed to cool for 1 h in a refrigerator yielding an agar block of 
approximately 6 g for each diet. The same procedure was followed to 
prepare the other agar diets but replacing the freeze-dried seagrass 
leaves by the butanolic extract of C. nodosa (BEC), the butanolic extract 
of Z. noltei (BEZ) or the phenolic natural products (PNP). The amount of 
extract used to prepare BEC and BEZ diets was the corresponding to 6 g 
of fresh leaves (which was the amount of fresh leaves used in the two 
first diets, LC and LZ). Therefore, upon comparison with the LC and LZ 
diets, the BEC and BEZ diets should contain similar concentrations of 
phenolic natural products and a portion of the sugars, while nitrogen 
rich compounds, salts and other products were removed. The amount of 
phenolic compounds in the PNP diet was also the corresponding to 6 g of 
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fresh leaves of Z. noltei. Thus, the PNP diet contained a concentration of 
phenolic compounds equivalent to the LZ diet. 
Therefore, five different agar-based artificial diets were prepared 
(Fig. 1): 1) freeze-dried C. nodosa leaves (LC), 2) freeze-dried Z. noltei 
leaves (LZ), 3) butanolic extract of C. nodosa (BEC), 4) butanolic extract 
of Z. noltei (BEZ) and 5) phenolic natural products (PNP). Additionally, a 
control diet of agar (AC) was prepared only with water and agar (2% 
weight:volume) to evaluate the possible effect of the agar on the sea 
urchins feeding behavior. 
2.6.2. Sucrose diets 
Three agar-based diets were prepared (Fig. 1): i) sucrose at the 
average natural concentration found in the plants (60 mg g DW− 1, SNC) 
(Brun et al., 2002, 2003a; Egea et al., 2018), ii) sucrose at half of the 
natural concentration found in the plants (30 mg g DW− 1, SLC) and iii) 
sucrose at 50% over the natural concentration found in the plants (90 
mg g DW− 1, SHC). The agar blocks were prepared as described above 
(subsection 2.6.1). 
2.6.3. Feeding experiments 
Feeding experiments were carried out in a climatic chamber under 
controlled light and temperature conditions (18 ◦C). Sea urchins (115 
individuals) were placed in several aquaria with natural seawater (20 L 
in each aquarium) in a closed flow-through system. The aquaria were 
illuminated by lamps with cool fluorescent tubes (T5 High Output Blau 
Aquaristic aquarium color extreme fluorescents) in a 8:16h (light: 
darkness) photoperiod. Aeration pits were placed in all aquaria to ensure 
adequate mixing of water and air. Sea urchins were allowed to acclimate 
to the aquarium conditions for a period of 86 h and during this period, 
the animals were fed with freshly collected Ulva sp. Prior to each assay 
experimental sea urchins were randomly separated from this large pool 
and starved for 24 h. 
For each feeding assay three starved sea urchins and the corre-
sponding diet (see below) were placed in an aquarium. After 1h, the sea- 
urchins were removed from the aquarium, placed in another tank and 
they were not used in further assays. Each agar block was weighed at the 
beginning and at the end of each assay and consumption rates were 
expressed as biomass consumed per individual per hour (g fresh weight 
individual− 1 h− 1). 
Three types of feeding assays were conducted in triplicate: no-choice, 
two-choice, and three-choice feeding assays (Fig. 2). Individual agar 
blocks weighed 5.97 ± 0.08 g, 3.00 ± 0.07 g and 2.04 ± 0.08 g on 
average, depending on the diet trial (see below). Therefore, in the no- 
choice feeding assay, each aquarium contained 6 g of the agar blocks 
LC, LZ, BEC, BEZ, PNP, AC, SNC, SLC, and SHC (only one diet available 
in each aquarium) randomly located in the aquarium. In the two-choice 
feeding assay each aquarium contained at the same time the diets LC (3 
g) and LZ (3 g). Finally, two three-choice feeding assay were carried out. 
In the first one each aquarium contained the diets BEC (2 g), BEZ (2 g) 
and PNP (2 g) at the same time. In the second one each aquarium con-
tained the diets (SNC (2g), SLC (2 g) and SHC (2 g) at the same time. In 
all the assays the sea urchin:food ratio (3 sea urchins/6 g of food) was 
kept constant. Simultaneously, autogenic controls (i.e., agar-based diets 
but without including P. lividus in the aquarium) under the same 
experimental conditions were performed to account for potential 
changes in agar block weight not due to grazing (e.g. dissolving, frag-
mentation …). Results showed no significant changes in the weight of 
the autogenic agar blocks in any of the assays and therefore were not 
further considered in the analysis. 
2.7. Statistical analyses 
The differences between the initial and final wet weights of the 
different agar blocks were used to calculate the mass of material 
consumed (g FW⋅ind− 1⋅h-1). For the choice feeding experiments, the 
amount of material consumed cannot be treated as independent due to 
the presence of multiple diets in a single aquarium (Peterson and 
Renaud, 1989). Thus, a multivariate Hotelling’s T2 test was used to 
determine significant differences between the consumption rate per in-
dividual and day (Roa, 1992; Manly, 1993; Prince et al., 2004), where 
the null hypothesis is based on no food preference by the consumer. 
Hotelling’s trace multivariate statistic was computed with R v.3.0.2 (R 
Development Core Team 2013). Hotelling’s T2 was then calculated by 
multiplying the value for Hotelling’s trace by (n -g), where n is the 
sample size (3) and g is the number of groups (2, 3), while the F value, 
degrees of freedom and level of significance remained the same in all 
tests (Crawley and Hyndes, 2007). For the no-choice feeding experi-
ments a Tukey’s post hoc analysis was applied when significant differ-
ences were found to assess significant differences between treatments. 
Prior to the analyses, normality (Shapiro-Wilk normality test) and ho-
moscedasticity (Barlett test of homogeneity of variances test) of the data 
were checked. 
Fig. 1. Scheme of the agar-based artificial diets used in this study. LC: freeze-dried C. nodosa leaves; BEC: butanolic extract of C. nodosa. LZ: freeze-dried Z. noltei 
leaves; BEZ: butanolic extract of Z. noltei; PNP: phenolic natural products; SNC: sucrose at the natural concentration; SLC: sucrose at 50% of the natural concentration; 
SHC: sucrose content 50% higher than the natural concentration). The main components present in each diet after extraction and isolation are underlined. 
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3. Results 
3.1. Butanolic extracts of C. nodosa and Z. noltei for the feeding assays 
The extraction of fresh leaves of C. nodosa and Z. noltei led to obtain 
butanolic extracts in yields of 5.6 ± 0.6 mg g FW− 1 for C. nodosa and 
23.4 ± 0.3 mg g FW− 1 for Z. noltei. In the analysis by 1H NMR (Fig. 3), 
the spectrum of the butanolic extract of Z. noltei showed signals between 
6 and 8 ppm (marked with #) that indicated the presence of significant 
amounts of phenolic compounds in this extract. In particular, charac-
teristic signals of rosmarinic acid, a typical metabolite of Z. noltei, were 
evident. However, the presence of phenolic compounds could not be 
detected from the 1H NMR spectrum of the extract of C. nodosa. On the 
other hand, a common feature of the spectra of both extracts was the 
presence of signals attributable to sucrose, in particular the doublet at 
5.38 ppm typical of the anomeric proton and various of the signals in the 
region 3.2–4.2 ppm (marked with *). Quantitative 1H NMR analysis of 
the extracts allowed to determine that the concentration of sucrose per 
milligram of extract was 45% lower in the butanolic extract of Z. noltei. 
3.2. Identification of the phenolic natural products of the extracts 
The phenolic compounds of the extracts from leaves of Z. noltei were 
identified as rosmarinic acid (RA) and the five flavonoids apigenin-7- 
Fig. 2. Schematic representation of the experimental set-up. Circles represent the diets embedded in agar that were placed in each aquarium (LC: freeze-dried 
C. nodosa leaves; LZ: freeze-dried Z. noltei leaves; BEC: butanolic extract of C. nodosa; BEZ: butanolic extract of Z. noltei; PNP: phenolic natural products; SNC: 
sucrose at the natural concentration; SLC: sucrose at 50% of the natural concentration; SHC: sucrose content 50% higher than the natural concentration). Each 
feeding assay was performed by triplicate including the autogenic controls without sea urchins. 
Fig. 3. 1H-RMN spectra (CD3OD, 500 MHz) of the butanolic extracts obtained from (A) leaves of C. nodosa and (B) leaves of Z. noltei. For each spectrum, the region 
containing signals distinctive of phenolic compounds is marked with hash (#) and the region with signals of sucrose is marked with asterisk (*). 
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sulfate (APS), lutein-7-sulfate (LS), diosmetin-7-sulfate (DS), acacetin-7- 
sulfate (ACS), and apigenin-7-O-glucoside (APG) (Fig. 4). The quanti-
tative analysis of the extracts determined that rosmarinic acid was the 
major phenolic compound in the leaves of Z. noltei, with a concentration 
of 12.85 ± 0.40 mg⋅FW− 1 and that the sum of the five flavonoids rep-
resented a total of 7.05 ± 0.74 mg FW− 1. 
3.3. Feeding assays 
3.3.1. Diets based on freeze-dried leaves, extracts, and phenolic natural 
products 
In the no choice feeding assay, Paracentrotus lividus showed a dif-
ferential consumption rate depending on the diet (i.e. LC, LZ, BEC, BEZ, 
PNP, AC) (Fig. 5A, Table 1). The most consumed diets were those 
including freeze-dried leaves of C. nodosa (LC) and Z. noltei (LZ), which 
contained all the nutritional (nitrogen, sugars, etc) and chemical traits 
(phenolic natural products). Consumption rates significantly decreased 
in those diets consisting on the butanolic extracts (BEC and BEZ diets), 
especially for that derived from Z. noltei, while a null consumption rate 
was observed when the diet was composed of phenolic natural products 
(PNP) (Fig. 5A). Agar blocks (AC) consumption was trivial but signifi-
cantly higher to those values recorded in PNP (Fig. 5A). 
In the two-choice assay, sea urchins consumed preferentially the diet 
composed of freeze-dried leaves of C. nodosa over Z. noltei leaves 
(Fig. 5B, Table 1). The consumption rate per individual in the two-choice 
assay, that is, the sum of the consumption rates recorded for both diets, 
was not significantly different from those values recorded in the no- 
choice feeding assay (0.799 ± 0.064 g fresh weight individual− 1 h− 1 
for LC or LZ in the no-choice and 0.820 ± 0.024 g fresh weight indi-
vidual− 1 h− 1 for two-choice assay) (Fig. 5B). 
In the three-choice assay, sea urchins showed the same preferential 
feeding behavior previously recorded in the no-choice assay, with 
significantly higher consumption rates of C. nodosa butanolic extract, 
and a residual consumption over phenolic natural products (Fig. 5C, 
Table 1). Moreover, the consumption rates per individual were lower 
than those observed in the no-choice and two-choice feeding assays 
(Fig. 5C). 
3.3.2. Diets based on sucrose 
Sucrose concentration had a significant effect on the sea urchin 
feeding behavior, since consumption rates was circa ten times higher 
than control agar consumption in the no-choice assay independently of 
sucrose concentration (Fig. 6A, Table 2). In the three-choice assay, 
P. lividus significantly preferred those diets containing higher concen-
trations of sucrose (Fig. 6B, Table 2), although the consumption rate per 
individual in the three-choice assay was not significantly different from 
those values recorded in the no-choice feeding assay (0.964 ± 0.037 g 
fresh weight individual− 1 h− 1 in average for SLC, SNC, and SHC in the 
no-choice and 1.042 ± 0.041 g fresh weight individual− 1 h− 1 for three- 
choice assay). 
4. Discussion 
This work has shown that the feeding behavior of the generalist 
herbivore P. lividus over the two template seagrass species C. nodosa and 
Z. noltei, once overlooked the structural, morphological, and biome-
chanical traits, is determined by nutritional properties. The presence of 
phenolic compounds has a minimal effect on their feeding behavior. In 
addition, this study has demonstrated for the first time the deterrent 
properties of the mixture of rosmarinic acid and sulphated flavonoids 
produced by Z. noltei, which are able to reduce the attractive effect of 
sugars in the feeding preference of this herbivore. 
Is it largely known that the generalist herbivore P. lividus can alter its 
feeding behavior depending on the palatability of plant tissues 
(Jiménez-Ramos et al., 2017, 2018a,b; Vergés et al., 2007a,b, 2011). 
However in others studies no feeding preference was observed when 
different food sources were available (Cacabelos et al., 2010; Cardoso 
et al., 2020). In the studies where sea urchins showed some active 
behavioral choice, animals used to forage over those tissues containing 
lower structural defenses (Vergés et al., 2007b, 2011), higher nutritional 
properties (Jiménez-Ramos et al., 2018a) and lower chemical defenses 
(Vergés et al., 2007a; Rodríguez et al., 2017). 
In the no-choice feeding assay of our study, P. lividus preferred diets 
based on freeze-dried leaves of Cymodocea nodosa (LC) and Zostera noltei 
(LZ). On the other hand the consumption of butanolic extracts was 
lower, and null consumption rate was recorded in the case of the diet 
based on phenolic compounds. Freeze-dried leaves contain all the 
nutritional traits of the seagrass tissues (metabolites rich in nitrogen, 
lipids, organic matter, sugars, etc), but also natural products (mainly 
phenolic compounds) and salts. Therefore, the inclusion of freeze-dried 
leaves in the blocks of agar enhanced the nutritional quality of the diet, 
since consumption over control agar blocks was trivial in all the treat-
ments. This is in agreement with previous studies showing the prefer-
ence of sea urchins for foods with higher nutritional quality (Vergés 
et al., 2007b; Prado and Heck, 2011; Rodríguez et al., 2017; 
Jiménez-Ramos et al., 2018a) and, in particular, for those diets 
composed of a high proportion of nitrogen rich compounds (e.g. pro-
teins) (Zieman et al., 1984; Fernandez, 1997; Fernandez and Boudou-
resque, 1998; Hammer et al., 2006). During the preparation of the 
butanolic extracts of the leaves most of the nutritional traits (compounds 
rich in nitrogen, lipids, carbohydrates etc) were eliminated, and thus the 
butanolic extracts are mainly composed of phenolic natural products 
and/or some amounts of sugars, as shown in the 1H-RMN spectra of the 
extracts of both species. The decrease of the nutritional quality of these 
diets (i.e. BEC and BEZ) resulted in a clear and significant reduction of 
the consumption rates, which was more pronounced in the case of the 
BEZ diet, fully in line with the preference for the diets with high nutri-
tional value above mentioned. 
The large differences in the consumption rates between BEC and BEZ 
diets when supplied together can be explained by the composition of 
these extracts. We observed that the extract of Z. noltei possessed high 
amounts of natural phenolic compounds, clearly detected in the 1H-NMR 
spectrum, which largely differed from the extract of C. nodosa, where 
natural phenolic compounds were almost absent. This result is in 
agreement with previous studies that have shown significant qualitative 
and quantitative differences in the phenolic content between C. nodosa 
and Z. noltei inhabiting the Bay of Cadiz, with the former species con-
taining much lower concentrations of phenolic natural products (up to 
0.7 mg g DW− 1) (Jiménez-Ramos et al., 2017) than the latter (up to 92 
mg g DW− 1) (Manck et al., 2017). On the other hand, we found that the 
extracts of both species contained sucrose, thus confirming that the 
extraction procedures used to extract phenolic natural products also lead 
Fig. 4. Chemical structures of the phenolic natural products of the leaves of 
Z. noltei. (RA) rosmarinic acid; (APS) apigenin-7-sulfate; (LS) lutein-7-sulfate; 
(DS) diosmetin-7-sulfate; (ACS) acacetin-7-sulfate; (APG) apigenin-7- 
O-glucoside. 
I. Casal-Porras et al.                                                                                                                                                                                                                           
Estuarine, Coastal and Shelf Science 259 (2021) 107466
7
to recover a portion of the soluble carbohydrates of the plant (Dai and 
Mumper, 2010). The potential influence of these sugars in the outcome 
of feeding assays using extracts that are supposed to contain only 
phenolic compounds, has never been analyzed. Noteworthy, our study 
has demonstrated that when sucrose-based diets are offered to P. lividus, 
the consumption rate is enhanced and that is directly related to sucrose 
concentration. This finding seems logical since herbivores use to maxi-
mize their foraging time trying to consume aliments with high nutri-
tional and energetic values as stated by the theory of optimal forage 
(Vadas, 1977; McClintock, 1986; Schlosser et al., 2005). However, it is 
important to state that although sugar content seems to be a trait 
affecting to the active behavioral choice of P. lividus, it seems to be 
subordinated to the presence of compounds rich in nitrogen (i.e. 
freeze-dried diets). The importance of the balance in the diet between 
protein:carbohydrate in the growth and gamete development in sea 
urchins has been previously studied, and indicated that those diets based 
in high protein and low carbohydrate levels were the most optimal to 
promote the development of gonads and the growth of the individuals 
(Fernandez, 1997; Fernandez and Boudouresque, 1998; Hammer et al., 
2006). The extract of Z. noltei was lower in sucrose but the extracts of 
C. nodosa and Z. noltei were included in the agar diets at the same 
concentrations that they were obtained from fresh plants (i.e. a con-
centration four-fold higher for Z. noltei). Taken together, this yielded 
that the BEZ diet contained more sugars than the BEC and, therefore, the 
former diet should be potentially more attractive for P. lividus. However, 
we recorded a lower consumption over BEZ diets, which must be due to 
the higher concentration of phenolic compounds present in the extract 
of Z. noltei, whose deterrent activity is able to surpass the attractive ef-
fect of sugars. This proposal could find further support in next studies 
assaying mixtures of phenolic compounds and sugars at different 
concentrations. 
The diets consisting of phenolic compounds at the naturally occur-
ring concentration were not consumed when offered to sea urchins in 
the no-choice assays, and only marginally consumed in the three-choice 
assays, which agrees with the deterrent role that has been ascribed to 
this class of compounds in some previous studies (Harrison, 1982; 
Goecker et al., 2005; Vergés et al., 2011, 2018). However, this deterrent 
effect was of limited importance in our study, since P. lividus consumed 
diets with phenolic compounds when all nutritional properties were 
present (i.e., freeze-dried leaves). This finding is in agreement with some 
studies that have recorded that P. lividus consumed macrophyte species 
that carried phenolic and other chemical compounds (Frantzis and 
Grémare, 1992; Vergés et al., 2007a,b, 2011; Rodríguez et al., 2017; 
Cardoso et al., 2020). However in other cases, consumption of macro-
phytes with toxic or deterrent compounds produced a reduction in their 
consumption rate or even sublethal effects (e.g., loss of spines, 
Fig. 5. Results of the feeding assays examining 
different agar-based diets. (A) No-choice feeding 
assay; (B) Two-choice feeding assay; (C) Three-choice 
feeding assay. LC: freeze-dried leaves of C. nodosa; LZ: 
freeze-dried leaves of Z. noltei; BEC: butanolic extract 
of C. nodosa leaves; BEZ: butanolic extract of Z. noltei 
leaves; PNP: phenolic natural products; AC: agar 
control. Data shown are mean ± SE. All the treatments 
were done by triplicate. Inset letters indicate signifi-
cant differences at p < 0.05.   
Table 1 
Results of the one-way ANOVA examining the differences in the consumption 
rates of P. lividus over different agar-based diets in the no-choice feeding assay. 
Hotelling multivariate test was used to examine differences in consumption rates 
in the two- and three-choice feeding assays. Bold numbers indicate significant 
differences at p < 0.05.  
One-way ANOVA  df MS F P 
No-choice feeding assay  5 1.71 58.41 < 0.01 
Hotelling’s Test (T2)  df T2 F P 
Two-choice feeding assays LC vs LZ 3 7.305 2.793 0.009 
Three-choice feeding 
assays 
BEC vs BEZ vs 
PNP 
3 8.751 3.621 0.031  
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antioxidant response; Boudouresque et al., 1996; Tejada et al., 2013). In 
spite of this moderate contribution of the phenolic natural products to 
the feeding behavior of P. lividus, the high phenolic content of BEZ diets 
also supports the lower preference for this diet compared to BEC diet, in 
spite of the higher sucrose content in BEZ diets. Moreover, only few 
studies have analyzed the direct effects of seagrass extracts on the 
feeding behavior of herbivores (Goecker et al., 2005; Vergés et al., 
2007a), although none of these studies identified the natural products 
present in these extracts. The isolation, characterization, and quantifi-
cation of the natural products in the extracts is necessary to understand 
which chemical compound (or combination of compounds) is behind the 
deterrent activity (Heck and Valentine, 2006; Sieg and Kubanek, 2013), 
since phenolic natural products in seagrasses comprise a large number of 
chemical compounds with different functions (i.e. deterrent, antifouling, 
antimicrobial, uv protector, etc) (Sieg and Kubanek, 2013; Subhashini 
et al., 2013; Zidorn, 2016). In this study, five flavonoids were isolated 
from Z. noltei, along with rosmarinic acid as the major compound. 
Although these natural products are not new, as they had previously 
been isolated from Z. noltei (Manck et al., 2017; Enerstvedt et al., 2017; 
Grignon-Dubois and Rezzonico, 2018), this is the first time they have 
been linked to their likely deterrent function. In the marine environment 
rosmarinic acid has only been found in Zostera species (Zidorn, 2016; 
Manck et al., 2017; Grignon-Dubois and Rezzonico, 2018; Papazian 
et al., 2019), while this phenolic acid is widely distributed among 
terrestrial plants (Petersen et al., 2009; Petersen, 2013). The ecological 
significance of rosmarinic acid has been poorly defined, with a few 
studies indicating that in terrestrial plants this acid is a constitutive, in 
some instances inducible, defense against pathogens (Bais et al., 2002; 
Walker et al., 2004; Widmer and Laurent, 2006) and herbivores (Khan 
et al., 2019; Simmonds et al., 2019). On the other hand, sulphated fla-
vonoids are a reduced group of flavonoids that, besides from Zostera and 
Thalassia genera (Zidorn, 2016; Manck et al., 2017; Enerstvedt et al., 
2017; Grignon-Dubois and Rezzonico, 2018; Papazian et al., 2019), have 
been isolated mainly from some terrestrial plants growing near aquatic 
areas rich in salts (Teles et al., 2018). In fact, the presence of sulfate 
groups in these metabolites is considered an ecological adaption to 
aquatic environments (Tomás-Barberán et al., 1987). The role of ros-
marinic acid and sulphated flavonoids as chemical defences in sea-
grasses is scarcely known, and only recently some authors (Guan et al., 
2017; Papazian et al., 2019) have shown that rosmarinic acid, and to a 
lesser extent the flavonoids, play a role in the prevention of microbial 
settlement on Z. marina leaves. Herein, we have shown for the first time 
that rosmarinic acid and the sulphated flavonoids present in Z. noltei 
exhibited deterrent properties and played a role in the defense of this 
species against herbivores. 
When P. lividus was supplied with different food sources (i.e. two- 
and three-choice feeding assays), displayed a clear active behavioral 
choice, which is required to state the existence of a preference in the 
feeding behavior (Singer, 2000). LC diet was slightly preferred over LZ 
diet, while BEC diet was preferentially consumed over BEZ and PNP 
diets. Taking into account the aforementioned regarding to the impor-
tance of nutritional traits, natural products presence, and sugars content 
in the feeding behavior, these results clearly support the existence of a 
subordinate hierarchy in those traits determining the active feeding 
behavior of P. lividus over these seagrass species, with nutritional traits 
(i.e. nitrogen rich compounds, lipids, etc) as the main trait, followed by 
phenolic natural products and finally sugar content. Moreover, it is 
important to note that we did not record a compensatory feeding 
behavior (Valentine and Heck, 2001; Cruz-Rivera and Hay, 2000) in our 
experimental assays, since those diets with lower nutritional values were 
not more consumed, and accumulated consumption rates between 
no-choice and choice assays were similar. Maybe, our experimental time 
(1 h) was not long enough to detect such phenomenon, and sea urchins 
spent most of the experimental time foraging between the different 
diets, which finally reduced the effective feeding time. Some authors 
using longer experimental times (i.e. weeks and months) and providing 
food ad libitum, recorded a compensatory feeding behavior in this spe-
cies (Mazzella et al., 1992; Cruz-Rivera and Hay, 2000; Valentine and 
Heck, 2001), but other authors were unable to find such response 
(Lawrence et al., 1989; Jiménez-Ramos et al., 2018b), maybe as a result 
of the absorption efficiency plasticity displayed by sea urchins (Law-
rence et al., 1989). Regardless of the existence of this compensatory 
feeding response, feeding rates were within the range observed in pre-
vious studies using such experimental design (Jiménez-Ramos et al., 
2018a,b). 
In summary, this study demonstrated that the generalist herbivore 
P. lividus preferentially fed on those diets with higher nutrient content 
(e.g. nitrogen, sugar) and lower chemical defenses. In addition, for the 
first time, the significance of sugar concentration as a feeding attractant 
in seagrasses was demonstrated, while the role played by rosmarinic 
acid and sulphated flavonoids in the defense against herbivores was also 
Fig. 6. Results of the feeding assays examining different concentrations of sucrose in agar-based diets. (A) No-choice feeding assay; (B) Three-choice feeding assay. 
SLC: sucrose at 50% of the natural concentration; SNC: sucrose at the natural concentration; SHC: sucrose content 50% higher than the natural concentration; AC: 
agar control. Data are showed as mean ± SE. All the treatments were done by triplicate. Inset letters indicate significant differences at p < 0.05. 
Table 2 
Results of the one-way ANOVA examining the differences in the consumption 
rates of P. lividus over different concentrations of sucrose in agar-based diets in 
the no-choice feeding assay. Hotteling multivariate test was used to examine 
differences in consumption rates between the different concentrations of sucrose 
in the three-choice feeding assay. Bold numbers indicate significant differences 
at p < 0.05.  
One-way ANOVA Df MS F p 
No-choice feeding assay 3 0.7806 154.21 < 0.0001 
Hotteling’s test Df T2 F p 
Three-choice feeding assay 3 6.9453 2.9534 0.043  
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highlighted. Since all these factors (nitrogen, sugar and phenolic natural 
products content) use to covariate in response to environmental 
stressors (e.g. light, nutrients, temperature, etc), our results may help to 
explain heterogeneity and changes in herbivory intensity in seagrass 
communities. Moreover, the study of the attractiveness of nitrogen and/ 
or sugar contents versus the deterrent properties of phenolic compounds 
deserve future research efforts, in order to find those ratio thresholds 
that may enhance or reduce the loss of tissues due to herbivore 
consumption. 
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